We report on a study of the time-resolved luminescence of type-II GaAs/AlAs superlattices near the type-I to type-II crossover. In spite of the slight type-II band alignment, the luminescence is dominated by the type-I transition. This is due to the inhomogeneous broadening of the type-I transition and the weak type-II oscillator strength, leading to a dominant luminescence of deeply localized type-I states. The relaxation within these localized states is found to be in agreement with a hopping model. At higher temperatures and excitation densities, the AlAs X minima act as an electron reservoir, leading to a strong increase of the luminescence decay time.
I. INTRODUCTION
The transformation of short-period GaAs/AlAs superlattices from type-I to type-II has attracted much research since it was demonstrated by Danan et al. 1 This is due to the different properties of the two types of transitions in their densities of states, radiative decay times, and inhomogeneous broadenings. Subpicosecond scattering of the ⌫ electrons in GaAs to the X point in the adjacent AlAs layers makes these structures suitable as saturable absorbers. 2 The interplay of the indirect conduction band minima X x,y,z was investigated by high pressure spectroscopy, 3, 4 revealing different strain and quantization shifts of the X x,y and X z subbands. The mixing of the X z and ⌫ subbands due to the superlattice structure in the ͓001͔ growth direction was investigated both experimentally [5] [6] [7] and theoretically. 8, 9 The interface roughness of the structures plays an important role for the indirect exciton mobility [10] [11] [12] [13] [14] and for the mixing of the X x,y subbands with the ⌫ subband in the ͓001͔ growth direction 12 and all X subbands for growth directions other than ͗100͘.
We will report, in this paper, on the influence of the inhomogeneous broadening of the type-I and type-II transition energies on the carrier energy relaxation and recombination dynamics in type-II samples near the type-II to type-I crossover. The inhomogeneous broadening is caused by the interface roughness [15] [16] [17] present in the structures. In a type-I sample, photoexcited electrons relax to the ⌫1 subband minimum and recombine via the fast direct type-I recombination to the first heavy-hole valence subband ͑hh1͒. In type-II samples, electrons relax to the X z 1 subband minimum and recombine via the weak, indirect type-II transition to the hh1. In samples near the type-I to type-II crossover, the interface fluctuations are able to swap the energy ordering of the X z 1 and ⌫1 locally. Hence, the localized states of the (X z 1-hh1͒ excitons and those of the (⌫1-hh1͒ excitons are within the same energy range. For the (X z 1-hh1͒ excitons in samples near the crossover, the hopping to localized (⌫1-hh1͒ states is faster than their slow radiative recombination. The photoluminescence ͑PL͒ is thus dominated by the fast recombination of localized (⌫1-hh1͒ excitons.
II. EXPERIMENTAL DETAILS
We have investigated a series of GaAs/AlAs superlattices grown by molecular beam epitaxy ͑MBE͒ on ͑001͒ GaAs substrates, all designed to be near the type-II to type-I transition. We show here the results for a 2.6 nm GaAs and 1.4 nm AlAs superlattice with 180 periods. The PL excitation ͑PLE͒ experiments were done using a tungsten halogen lamp dispersed by a 20 cm monochromator as the excitation source and a 64 cm spectrometer with an intensified diode array for detection, giving a resolution of 2 meV. In the low excitation time-resolved PL experiments, the samples were excited by a DCM dye laser synchronously pumped by a mode-locked Ar ϩ laser, emitting pulses of 10 ps duration at an 80 MHz repetition rate. The PL was dispersed by a 60 cm spectrometer and detected by a synchroscan streak camera with a time resolution of 30 ps. In the high excitation time-resolved PL experiments, the samples were excited by an excimerpumped quenched dye laser providing pulses of 70 ps duration at 2.46 eV with 100 J per pulse and a repetition rate of 10 Hz. The PL was dispersed by a 27 cm spectrometer and temporally resolved with a single-shot streak camera.
III. SAMPLE CHARACTERIZATION AND ORDERING OF THE TYPE-I AND TYPE-II TRANSITION
To characterize the sample under investigation, we show in Fig. 1 the PL and the PLE spectra at a lattice temperature of 5 K on a logarithmic scale. The PL consists of one broad band around 1.84 eV and a side band around 1.80 eV. The PLE shows a steplike onset due to the absorption of the (⌫1-hh1͒ transition with a low-energy tail. The (⌫1-lh1͒ onset is only weakly visible at 1.95 eV. The excitonic features at the band edges are not pronounced in this sample. This is due to the large miniband widths of the ⌫1 subband ͑24 meV͒ and the lh1 subband ͑48 meV͒, which reduce the excitonic binding energy. [18] [19] [20] The mentioned miniband widths were determined by a Kronig-Penney-type calculation. Additionally, the large inhomogeneous broadening smooths out the excitonic features.
The observed shift between the PL and the PLE edge amounts to about twice the width of the PL. In strongly inhomogeneously broadened type-I samples, this shift is expected to be about 60% of the inhomogeneous linewidth 21 at low temperatures. The observed larger shift in our sample is a consequence of the type-II band alignment, giving rise to an additional relaxation channel for the electrons via the X z 1 states to deeper localized ⌫1 states. This relaxation mechanism is displayed schematically in Fig. 2 . The X z 1 states act only as intermediate states. This is due to their weak radiative recombination, which results in a backscattering into deeply localized ⌫1 states during the long type-II lifetime in spite of the low density of such type-I states. Consequently, the PL is of type-I, as is confirmed by the short PL decay time of about 200 ps, which is faster than for an indirect type-II transition. Taking these results together implies that the PL originates from localized (⌫1-hh1͒ excitons, with an energy below the localized (X z 1-hh1͒ excitons in their neighborhood. In the following, we call these states local minima states ⌫ loc .
The side peak around 1.80 eV can accordingly be attributed to a GaAs LO phonon replica of the PL from the localized (⌫1-hh1͒ excitons, 22 in agreement with the energy difference to the main peak of about 36 meV. The low-energy tail of the PLE shows an exponential behavior. It is due to the inhomogeneous broadening of the (⌫1-hh1͒ transition, caused by layer thickness fluctuations. They give rise to an exponentially decreasing density of localized states below the band gap D ⌫ (E)ϰexp(E/⑀ ⌫ ) with a tailing parameter ⑀ ⌫ of 8 meV.
The high-energy side of the PL peak around 1.84 eV shows an exponential decay with 4.6 meV decay constant ⑀ PL . This is smaller than the tailing parameter ⑀ ⌫ . The deviation can be explained by the relaxation via the X z 1 states. The PL is due to local minima states. The density of such states at the energy E, which have to be below the (X z 1-hh1͒ excitons in their neighborhood, is determined by D ⌫ (E) and by the density of (X z 1-hh1͒ excitons below, given by "͐ Ϫϱ E D X (⑀)d⑀… Ϫ1 ϰexp(E/⑀ X ) with the tailing parameter ⑀ X of the (X z 1-hh1͒ transition. Due to the higher effective mass of the X z 1 subband, ⑀ X is expected to be lower than ⑀ ⌫ . Accordingly, the PL intensity I PL is proportional to D ⌫ (E) divided by the density of localized (X z 1-hh1͒ states below:
Using ⑀ ⌫ and ⑀ PL from the experiment, ⑀ X is calculated from this equation to be 2.9 meV. The ratio ⑀ ⌫ /⑀ X of about three is comparable to the inverse ratio of the excitonic reduced masses X / ⌫ of approximately four, as expected from the fluctuation in quantization energies by thickness fluctuations.
IV. EXCITON RELAXATION
In order to investigate the exciton relaxation within the localized type-I states, which are the origins of the PL, we measure the PL dynamics after pulsed resonant and nonresonant photoexcitation. Since the PL is well below the (⌫1-hh1͒ band edge, such a relaxation is essentially only possible via an (X z 1-hh1͒ intermediate state. It involves the emission of acoustical phonons ͑phonon assisted hopping͒ 23, 24 or optical phonons ͑hot luminescence͒. 25, 24 During the relaxation, the density of lower lying final states decreases. Consequently, the relaxation slows down and at some energy, the hopping time becomes longer than the radiative decay time. At this energy, the maximum of the steady state PL is expected. The involved localized states exhibit long dephasing times due to the reduced interaction with phonons. 26 The localization of electrons and holes at different spatial positions, leading to a weak, long living PL, 27 has no significant influence on the results presented here.
The time-resolved PL of the sample after resonant excitation of low intensity, shown in Fig. 3 , reveals two contributions. These are a resonant part, exhibiting the spectral shape of the exciting laser, and a nonresonant part, which is given by the density of localized (⌫1-hh1͒ states and the exciton relaxation efficiency.
The PL spectra for different time delays ͓Fig. 3͑a͔͒ show an increasing contribution of nonresonant PL with increasing delay time, a signature of the exciton relaxation into deeper localized states. During the first 100 ps, the relaxation leads to a change of the spectral shape without a major change in the integrated intensity. At longer times, the relaxation slows down and the integrated PL intensity decreases due to the recombination of the excitons. The resonant part is still observable at longer time delays, shifting slightly to lower energies.
The relaxation of the resonantly excited excitons can alternatively be seen in the time-resolved PL of the resonant and nonresonant part for different excitation energies, shown in Figs. 3͑b͒,͑c͒. The resonant PL shows a fast, initial decay due to the relaxation of a part of the resonant excitons, while the nonresonant PL shows a delayed maximum due to the in-scattering from the higher lying resonantly excited states.
After this initial fast relaxation, at delay times longer than the radiative lifetime of about 200 ps, both the resonant and nonresonant PL decay nearly with the same rate due to radiative recombination. This shows that the relaxation is, in addition to the transition energy, dependent on the microscopic arrangement of localized states in the vicinity of the resonant state. A state which has the lowest energy of all localized states within its extension ͑a local minimum state͒ is hindered from further relaxation by the vanishing overlap integral with lower states. The states which remain occupied after the fast relaxation thus are local minima. They cannot be exclusively populated by direct optical excitation, but are selected by the exciton relaxation.
The PL spectra at 400 ps delay time, after the fast relaxation, are shown in Fig. 4͑a͒ for various excitation energies. All spectra are normalized to their low-energy wing. This wing shows a constant shape for the different excitation energies and is thus mainly given by the density of the local minima.
In addition to the common low-energy tail, the PL of the nearly unrelaxed excitons is visible at the excitation energy. This resonant PL intensity I res increases with decreasing excitation energies, as displayed in Fig. 4͑b͒ . Here, the ratio between I res and the total PL intensity I tot at 400 ps delay time is displayed versus the excitation photon energy. Below the maximum of the nonresonant PL ͑solid line͒, essentially all PL is resonant. Consequently, there are mainly local minima states below this energy. Above, the ratio decreases exponentially, showing the smaller fraction of local minima states in the total density of states at higher energies. The decay to higher energies has a decay constant of 7.2 meV, which is between the tailing parameter ⑀ ⌫ of 8 meV and the PL decay ⑀ PL of 4.6 meV ͑Fig. 1͒.
The shift of the PL maximum with a delay time after nonresonant excitation at 1.9 eV is displayed in Fig. 5͑a͒ . We compare it with the shift expected for a hopping relaxation in a two-dimensional system, as it was proposed by Golub et al.: 28 E͑t ͒ϭ2⑀ ⌫ ln"ln͑ 0 t ͒…ϩconst. ͑2͒ In this model are assumed an exponential tail of localized states, with a tailing parameter ⑀ ⌫ , and a hopping frequency of 0 for fully overlapping states, independently of their energy difference. The tunneling probability between the states is modeled by an exponential decay with their spatial separation using a constant localization length. The exponential tail of the density of states in our sample is determined by the PLE ͑Fig. 1͒. The hopping between overlapping states is mediated by acoustic phonon emission. The curve in Fig.  5͑a͒ is a fit to the experimental data with this model, giving the value 0 ϭ0.3 ps Ϫ1 . The extracted scattering time of 3.3 ps is within the expected range for acoustic phonon emission. 29 This supports the validity of the applied model for the exciton relaxation in our sample.
The slight shift of the resonant part with time ͓Fig. 5͑b͔͒ was attributed previously 25 to the multiple trapping relaxation within localized states. There is a difference between the shifts for excitation at the peak of the nonresonant PL ͑1.842 eV͒, at which most of the excitons do not relax significantly, and for excitation on the high-energy wing of the nonresonant PL ͑1.850 eV͒, at which most of the excitons relax by hopping during their lifetime. This difference can be explained by the increasing relaxation probability of the localized excitons with increasing energy as it is shown in Fig.  3͑a͒ . On the high-energy side of the resonant PL, a larger fraction of the resonantly excited excitons relaxes than on the low-energy side, leading to an apparent redshift of the resonant PL. By multiplying the initial resonant PL, which exhibits a width of 4 meV from the exciting laser pulse, by this relaxation probability, we can determine the corresponding redshift to 0.5 meV, which matches the difference for the two excitation energies ͓Fig. 5͑c͔͒. The remaining shift common for both excitation energies shows a logarithmic dependence with delay time. Such a logarithmic shift
is expected for a multiple trapping process. 25 The expected time dependence is displayed in Fig. 5͑b͒ for a lattice temperature T of 5 K and a 0 of 20 ps, fitting well the experimental data. The multiple trapping requires an activation of the excitons above the mobility edge, which is given in our sample by the extended (X z 1-hh1͒ exciton states. The difference between the scattering frequencies 0 and 0 might be due to the thermal activation needed for the multiple trapping. However, the attribution to the multiple trapping process is not unequivocal, 24 since the difference to the double logarithmic hopping relaxation ͓Eq. ͑2͔͒ is not resolved by the experimental accuracy.
V. EXCITONIC LIFETIME: INFLUENCE OF THE TYPE-II TRANSITION
Let us discuss now the influence of the X z 1 subband on the temperature and density dependent exciton dynamics. Both by increasing the lattice temperature or the carrier density, the higher lying (X z 1-hh1͒ states ͑Fig. 2͒ become occupied, leading to an increase of the PL decay time. Figure 6 shows the time-integrated PL spectra at 5 K and 80 K together with the temperature dependence of the spectrally integrated PL decay time. The PL spectrum at 80 K shows the temperature induced redshift of the band gap and a broadening of the high-energy wing. The PL decay time shows a FIG. 5. ͑a͒ Shift of the PL maximum with delay time after off-resonant excitation at 1.9 eV. The curve is a fit by a hopping model using Eq. ͑2͒. ͑b͒ Shift of the resonant PL peak with delay time for two different excitation photon energies 1.842 eV and 1.850 eV. The solid curve shows the shift expected for a multiple trapping process using Eq. ͑3͒.
FIG. 6.
Time-integrated PL spectra ͑a͒ and spectrally integrated PL decay time ͑b͒ for various lattice temperatures. The dotted curve in ͑b͒ is a fit using Eq. ͑5͒, the solid curve is expected for a pure type-I structure using Eq. ͑4͒.
strong, nonlinear increase above 40 K. This is different from the temperature dependence of the PL decay time of excitons in type-I quantum wells, 30 which is given by the fraction of excitons in the radiative states at the excitonic band edge:
Here, ⌬(T) denotes the energy width of the radiative exciton states band. For most quantum wells, this radiative zone is larger than the width expected from the homogeneous width of the excitons or from the dispersion of the exciton within the light cone. This is due to interface fluctuations, leading to an inhomogeneous broadening of the transition, and thus allowing for a larger momentum-space region of excitons to couple to the photons. In this sense, the excitons in quantum wells are in most real samples localized at the band edge.
In our case, the width of the radiative zone ⌬(T) would be at least the PL linewidth of 18 meV. For this value, Eq. ͑4͒ predicts a nearly constant decay time up to 80 K ͓solid line in Fig. 6͑b͔͒ , in contrast to the experimental data.
Consequently, to explain the observed strong increase of the decay time, there must exist other dark exciton states besides the type-I excitons outside the radiative zone. These states are the (X z 1-hh1͒ states, which exhibit a long radiative lifetime. The density of localized (⌫1-hh1͒ states emitting the PL is only about 2% of the (⌫1-hh1͒ density of states, as we estimate by the comparison of the PLE signal ͑Fig. 1͒ at the band edge of the (⌫1-hh1͒ transition with the PLE signal at the energy of the PL maximum. The (X z 1-hh1͒ transition starts slightly above the energy of these localized ⌫1 states, and its density of states is about four times larger than that of the (⌫1-hh1͒ transition due to its larger effective mass.
To model the influence of both exciton bands, we distribute the excitons thermally over a small, steplike density D ⌫ of radiative states with the decay time 0 , representing the localized (⌫1-hh1͒ states, and a large, steplike density D X of dark states, starting the energy ⌬E above D ⌫ and representing the (X z 1 -hh1͒ states. Hereby, we have assumed a thermal energy less than the inhomogeneous broadening of the type-I transition, which is fulfilled within the considered temperature range. The fraction of excitons in the radiative states D ⌫ give the temperature dependent decay time , which accordingly reads
͑5͒
The value D X /D ⌫ is expected to be about 200 from the previous considerations. The experimental data are described well by this dependence ͓Fig. 6͑b͔͒ using ⌬Eϭ21 meV, 0 ϭ185 ps and D X /D ⌫ ϭ120. The energy splitting ⌬E is also visible by the kink in the PL spectrum, marked by an arrow in Fig. 6͑a͒ .
The function of the X z 1 subband as a carrier reservoir is also important at high exciton densities. This is demonstrated in the time-resolved PL after high-intensity excitation, shown in Fig. 7 . The excitation intensity of 50 J/cm 2 amounts to a pair density of about 3ϫ10 12 /cm 2 . The PL spectra for different delay times ͓Fig. 7͑a͔͒ reflect the decrease of the carrier density and temperature. At long times, the energy splitting of about 20 meV between the peak of the localized type-I PL and the onset of the type-II states becomes visible by a shoulder on the high-energy side. This is a consequence of the carrier relaxation, as depicted in Fig. 2 . The temporal evolution of the integrated PL intensity shows a peculiar behavior ͓Fig. 7͑b͔͒. The initial decay time of 1 ns decreases around 1.5 ns delay time to 0.5 ns. These dynamics are opposite to the slowing down of the PL decay in an inhomogeneous, decoupled system with different decay times. 11 We attribute the increased initial decay time to the influence of the X z 1 electron reservoir. Shortly after excitation, the X z 1 and the ⌫1 are filled up to the quasi-Fermi level above the localized states of the X z 1 subband. Hence, the carriers are mobile and the electron distribution is in quasiequilibrium. Due to recombination, the density drops with time and the quasi-Fermi level shifts below the X z 1 subband. At this point, the localized ⌫1 states are no longer refilled by the carriers from the X z 1 states and the decay time becomes faster.
VI. SUMMARY
In summary, we have investigated the PL dynamics in a type-II GaAs/AlAs superlattice near the type-I to type-II crossover. We have demonstrated that the dominant PL contribution is due to localized states of the type-I transition. The carrier relaxation within these localized states by FIG. 7 . PL of the sample after high optical excitation with 50 J/cm 2 at 2.46 eV and a lattice temperature of 4.5 K. ͑a͒ Spectra for various delay times, as indicated. The curves are vertically offset for clarity. ͑b͒ Time-resolved PL for different detection photon energies, as indicated.
phonon-assisted hopping is found to be important for energies above the PL maximum. The relaxation dynamics can be described by a hopping model. 28 The X z 1 subband is found to increase the PL decay time for higher temperatures and carrier densities, due to its function as a carrier reservoir.
